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Abstract 
Nanoindentation has become a common technique for measuring hardness and elastic-plastic properties of materials, 
including coatings and thin films. In recent years, different nanoindenter instruments have been commercialized and 
used for this purpose. Every instrument is equipped with his own analysis software for the derivation of the hardness 
from the raw data. These data are mostly analyzed through the Oliver and Pharr method. In all cases, the calibration 
of compliance and area function are mandatory. The present work illustrates and describes a calibration procedure 
and an analysis approach of the raw data carried out in TiN and DLC coatings, for height different nanoindentation 
instruments, through several round robin experiments. Three different indenters were used: Berkovich, cube corner, 
spherical. It was clearly shown that the use of these common procedures consistently limited the hardness data 
spreading compared to same measurements performed using the instrument specific procedures. The following key 
recommendation for nanoindentation calibration must be followed: a) set a cut-off upper value for the penetration 
depth below which measurements must be considered unreliable, b) perform stiffness measurement specifically for 
each instrument/indenter couple, c) use a function, rather than a single value, for the stiffness, d) use a unique 
protocol and software of raw data analysis to limiting the data spread related to the instruments, and making the 
hardness data intercomparable. 
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1. Introduction 
Nanoindentation is a relatively new technique for the measurement of hardness, reduced Young’s 
modulus, and strain rate sensitivity when small penetration depths and measurement volume are required 
[1-3]. However, so far, little attention has been paid to the data spread that the use of different 
instruments, calibration and analysis procedures might introduce. Further work on standardization is 
therefore needed.  
Hardness evolution becomes complicate when measuring a thin film which has been deposited on a 
substrate. In this case, contribution of the substrate may disturb the hardness evaluation of the thin film, 
as the indenter penetration starts to interact with the substrate-coating contact surfaces [1-7]. This implies 
a dependence of the hardness measurement on the volume of the interacting material.  
Sharp triangular pyramid, such as the Berkovich, or cube corner indenters are generally used when the 
smallest possible length scale is needed. Other tips can also be used, such as spherical shaped, and this 
latter is generally used for acquiring information on the elastic behavior of the thin films [1,4,8]. This 
because the indentation contact to the sample surface is elastic when the load is low and turns into elastic-
plastic as the load rises [7].  Sharp tips and spherical indenters suffer from sharpness imperfections, in the 
first case, and from non perfectly spherical geometry, in the second case. This geometric aspect leads to 
measurements inaccuracy which can affect the nanoindentation measurements if they are not properly 
measured and calibrated. The indenter penetration depths can be as low as 20 nm with very limited 
contact areas. Thus the accuracy of the tip radii and spherical geometry is of utmost importance [4,5].  
For hard and superhard coatings, the plastic deformation generated by the load-depth curve is quite 
small, due to the shallow penetration depth of the tip. Thus, even small accuracy errors in displacement 
measurements are likely to affect the goodness of the hardness data. The preliminary calibration stage is 
then a crucial point for the reliability of the nanoindentation measurements. Nowadays, several different 
nanoindentation instruments are commercialized and used within the scientific community. Each 
instrument requires specific calibration procedures to be followed in order to extract the hardness from 
the recorded raw data. Despite the hardware variations among different instruments, the Oliver and Pharr 
approach [9,10] is the reference method for the data analysis.  
At the European level a draft standard, addressing the case of indentation into coatings, has been 
prepared by the Committee CEN TC184-WG5 and the INDICOAT project [11,12]. These standards also 
define an indentation depth limit of 200 nm for nano-range measurements. A major source of non-
intercomparability of raw data and nanoindentation hardness measurements, among the different 
instruments, is the use of different calibration procedures and protocols. The different calibration 
protocols are strictly related to the different raw data analysis software available in the market. In fact, 
each nanoindentation instrument requires specific skills and step-by-step calibration procedures to be 
followed in order to extract the hardness values from the raw data. To date, very few works have been 
published on this critical issue [13-16]. Three of them [14-16] were dedicated to micro- and nano-scratch 
calibration procedures applied to hard TiN and DLC coatings through round robin experiments.  
Recently, only the work by Lee et al. [13] focused on an international round robin experiment to evaluate 
the consistency and intercomparability of the hardness measurements among different nanoindentation 
instruments. Their work focused on tests on coated samples of hardness ranging 15 to 35 GPa, and 
recommendations for guaranteeing hardness measurements consistency were given.  
This paper presents an international round robin calibration protocol applied to different 
nanoindentation instruments for the measurement of hardness of a hard TiN, and a softer DLC coating, 
using three different indenters (Berkovich, cube corner, spherical). The use of a common calibration 
protocol for different instruments was meant to evaluate, minimize, and overcome the statistical data 
spread, which actually has been observed to affect the nanoindentation measurements when two or more 
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datasets, coming from multiple instruments, are compared. The reported round robin experiments were 
conducted in the framework of an European funded project (Nanoindent NMP3-CA-2008-218659). 
2. Method 
    The common calibration and analysis procedures (protocol) that have been followed for different 
nanoindentation instruments are based on the Oliver and Pharr method [9,10]. Therefore, hardness is 
obtained after a complete cycle of loading-unloading of the indenter, using the Oliver and Pharr 
formulation [17-19]. 
    The international round robin measurements aimed at calibrating the machine compliance (Cm) and the 
area function. Therefore, it aimed at calibrating the hardness measurements of harder TiN and softer 
DLC, among the different instruments used, and among different indenters. The major steps of these 
experiments were: a. definition and distribution of identical reference samples, b. definition of a common 
measurement protocol, c. definition of a common analysis protocol, d. data analysis using the common 
protocol.  
    The consistency and soundness of the protocol was tested by comparing the data spread obtained using 
this procedure with that obtained through the instrument default procedure. The raw data were acquired 
using common reference samples for all the different nanoindentation instruments. The data spread 
evaluation also served as a mean to identification of the sources of misalignment, yielding possible 
further advantages to the protocol used here. A preliminary, start-up protocol was used and followed 
using standard reference samples available for every commercialized nanoindentation instrument [20,21]. 
Instruments and the different used probes where calibrated according to a common protocol described in 
[20]. Fused quartz and polycarbonate were the reference samples for the calibration of the stiffness and 
area functions that were used in to the extract the hardness from the nanoindentation measurements on 
TiN and DLC samples, respectively. 
    Table 1 compiles nanoindentation instruments and used indenter tips. Two types of coatings were used: 
a hard 0.5 and 1.5 μm-tick TiN coating on high-strength steel (HSS) substrate, and a softer 0.35 and 1.05 
μm-tick DLC coating on Si substrate. The common measurement protocol consisted of two parts: process 
1 and process 2. Process 1 dealt to the calibration of the hard TiN coating hardness, while process 2 was 
meant for the softer DLC coating hardness calibration. Measurements of process 1 were carried out with a 
step-like function having tload = 10 s, thold = 10 s, tunload = 3 s, and steps of peak-load increment of 10% up 
to the instrument maximum load. The final holding time at 10% of the instrument maximum load was 
fixed at 120 s, prior final unloading (Fig. 1a).  
 
Table 1. Nanoindentation instruments and available tips used in the round robin measurements of hardness of TiN on HSS and DLC 
on Si common samples. Acronyms used in the text and figures therein, and the institutions involved are also reported. 
 
Acronyms Institute Instrument used tip 
Hys DIISM - Università Politecnica delle  Marche (UNIVPM), Italy Hysitron UBI-1 B   cc   - 
Hys-T1 / IA CRC HAS, Hungary Hysitron Triboscope / IA B   cc   S 
Hys-T2 Politechnika Warszawska (WUT), Poland Hysitron Triboscope B   cc   S 
Hys-T3 Universitè Libre de Bruxelles (ULB), Belgium Hysitron Triboscope B   cc   S 
MM Aston University (AU), United Kingdom Micro Materials B   cc   S 
MTS1 Aristotelio Panepistimio Thessalonikis University (AUTh), Greece MTS Nanoindenter XP B    -    - 
MTS2 Weizmann Institute of Science (WIS), Israel MTS Nanoindenter XP B   -    S 
Ag Inst. Superhard Mater - Nat. Acad. Sci. (ISM), Ukraine Agilent Nanoindenter G200 B    -   - 
CSM CSM, Switzerland CSM B    -   - 
UNAT ASMEC GmbH (ASMEC), Germany UNAT B    -   - 
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    Process 2 was designed to have a simpler function load, consisting of a single trapezoid shaped loading 
curve having tload = 20 s, thold = 60 s, tunload = 3 s, and a final holding time of 60s at 10% of the instrument 
maximum load, prior final unloading (Fig. 1b). Three different indenters were used: Berkovich, B, cube 
corner, cc, and spherical, S.  
   To compare the data and to evaluate the intercomparability of the different instruments, the 10 data 
obtained by every instrument, probe and load, were averaged. Raw data were analysed using a common 
software (ASMEC Indent Analyser, website: www.asmec.de). The goodness of the calibration procedure 
was evaluated in terms of the alignment of hardness measurements obtained among partners by different 
instruments and probes, as different probes are expected to produce a systematic difference. 
 
 
Figure 1. a) Process 1 (Load Program): tload = 10s, thold = 10s, tunload = 3s; 10 steps with 10% increase in load and final thold = 120s, 
prior unloading. The maximum load depended on the specific instrument (10, or 100mN). 10 different measurements were carried 
out per each Hardness value reported in the results. Fused quartz was used as reference sample. b) Process 2 (Load Program): tload = 
20s, thold = 60s, tunload = 3s; one single cycle and then a final thold = 60s, prior unloading. Maximum loads depended on the instruments 
and were 0,1, 1, 10mN, for low load instruments, 1, 10, 100mN  for higher load instruments. To obtain the hardness value, 10 
measurements per each maximum load were carried out. For these measurements a Polycarbonate was used as reference sample. 
3. Results and Discussion 
    In order to avoid tip rounding effects on the measurements, the calculation of H average values were 
carried out after having defined a penetration depth, hc, cut-off limit. Therefore, only H values with hc > 
R/10 and hc > R/3 (R, indenter curvature radius) for B and cc,  respectively, were used. No cut off limit 
was used for S probes. These values were compared to evaluate the intercomparability of the different 
used instruments after having followed the common calibration procedures. Figs. 2 and 3 report the 
results of such a comparison. Here, the hardness of TiN on HSS, using process 1 (Fig. 2), and of DLC on 
Si, using process 2 (Fig. 3), were plotted against the penetration depth, hc, normalized to the coating 
thickness, t. Data showed a satisfactory spread through the penetration depth range. A larger data-spread 
was observed at the lowest penetration depths, and this is likely to be due to a tip-shape factor and to 
instrument inaccuracies at low loads. The satisfactory estimation of the hardness, and the low data 
standard deviation, is clearly due to the use of a common calibration procedure.  
    The collection and direct comparison of data from different types of nanoindentation instruments using 
a common procedure of analysis on same materials, is quite unique, as, to the authors knowledge, it has 
been done in very few cases before [13-16]. The importance and utility of the results obtained using this 
protocol is twofold. On one side, it can be used to interpret the data spread in nano-mechanical testing. 
Data spread that is not due to different ways of performing the calibration of the area function and 
stiffness, nor to the type of reference samples used, nor to the way of performing the hardness 
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measurements, nor to the tested sample, nor to the way of analysing the results, as all these parameters 
were fixed among all the tested instruments. Therefore, in the first approximation, the obtained spread can 
be attributed to intrinsic instrument differences (e.g. the level of drift, instrument noise), superimposed to 
statistical spread due to random variations (e.g. accurateness of the operator). It is also meant to be a first 
attempt to establish a unique calibration procedure for all the existing nanoindentation instruments. 
Indeed, the authors believe that there is still room for an improvement to further reducing the spread of 
the results presented here.  
 
a)  b)  
c)        d)  
e)  f)  
Fig. 2. Process 1. Hardness calibration measurements of TiN on HSS, 500nm-thick (a)-to-(c), and 1500nm-thick (d)-to-(f). 
Berkovich (a), (d), cube-corner (b), (e), spherical tip (c), (f). 
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a) b)  
c) d)  
e)    f)  
Fig. 3. Process 2. Hardness calibration measurements of TiN on HSS, 350nm-thick (a)-to-(c), and 1050nm-thick (d)-to-(f). 
Berkovich (a), (d), cube-corner (b), (e), spherical tip (c), (f). 
 
4. Concluding remarks 
    A new protocol for calibration and data analyses of hardness, H, of a hard TiN and a softer DLC 
coating was created and successfully tested among height different nanoindentation instruments (Hysitron 
UBI and Triboscope, IA, Micro Materials, Agilent G200, CSM, UNAT-ASMEC, and MTS XP). This 
protocol is conceived and designed to become the reference calibration procedure of hardness 
measurements of thin coatings to be followed by users of different nanoindentation instruments.  
    The hardness data spread was considerably lowered when this calibration protocol was applied, 
compared to the instrument calibration procedure available for the different used instruments.  
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    To obtain sound and intercomparable hardness data among different nanoindentation instruments, the 
following precautions and recommendation must be followed: a) use sharp indenters (case of Berkovich 
and cube-corner) and spherical intenders of well known curvature radius. b) Measurements becomes 
unreliable when contact depth approaches the tip curvature radius. For this reason, a cut-off value of 
penetration depth below which measurements are considered unreliable should be considered. c) To 
perform nanoindentation measurements with limited thermal drift, as when the drift is too large, or 
unstable during the indentation, it will introduce wrong corrections to the raw data, thus resulting in 
misevaluation of H. d) Load-displacement ccurves with very poor reproducibility lead to large uncertainty 
in the probe calibration, therefore, curves must be as smooth as possible. e) The use of a function, rather 
than a single value, for the stiffness greatly improves the accurateness of the calibration procedure. f)  the 
use of different analysis software and/or different software analysis settings is likely, and it has been here 
proved, to yield different results (i.e. using or not zero point correction, using different orders for the 
fitting functions).  
    Thereafter, the use of a unique protocol and software of raw data analysis was shown to greatly 
limiting the data spread related to the instruments (i.e. level of drift or noise, defects of a given probe) and 
to making the hardness measurements intercomparable. 
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